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(54) High Q integrated inductor 

(57) An inductive structure is provided whicli dis- 
plays an increased self-inductance and improved Q at 
high frequencies. The improvement resides In the dis- 
position proximate the inductive structure an anrxsunt of 
magnetic material to increase mutual inductance be- 
tween adjacent portions of the inductor's conductive 
path with current flow. 
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Description 

Field of the Inv ntiori 

The present invention relates to inductors for use in 
high frequency integrated circuits. . * 

Description of the Related Art . . 

Series resistance Is inherent within inductive struc- 
tures. Series resistance within inductive structures 
formed by a silicon process dominates the losses oc- 
curring during operation as the frequency of operation 
increases. The losses reduce the inductor's quality fac- 
tor Q, the ratio of reactance to. series resistance within-, 
the inductor (when the inductive structure is modeled 
using a certain topptogyj. , Reducing or minimizing the 
increasing series resistance with Increasing frequency, 
with its concomitant effect on the inductor*sQ, is accom- 
plished by increasing the cross-sectional area lor cur- 
rent flow within the inductor Increasing the cross-sec- 
tional area rnay be accomplished by increasing the me- 
tal izat ion width or thickness, or both, of the conductive 
path forming the inductor , . • 

An improved Q displayed by an inductor as a funcT 
tion of increased vyidth W or depthp is^isubstantially lin- 
ear at DC to the lower frequencies, As the frequency of 
operation increases, however, current flow through- the 
entire cross-sectional area of the inductor^s conductive 
path, tends to drop off. The current thereafter tends to 
flow at the outer cross-sectional edges (i.s ,,perirneters) 
of the cross-section of the inductor/such as. LI 6 depict- 
ed in Fig. 1 A. Such current flow is in accordance with 
the so-called "skin-effecf theory. • - 

Inductors formed for use within integrated circuits 
are typically spiral-shaped. Fig. IB.shows a portion of a 
conventional spiral inductor, L20, formed with an alumi- 
num conductor 24 on" a silicon substrate 22. Fig. 1C 
shows a cross-sectional portion of the conductive path 
of conductor 24. W and L represent the conductor's 
width and length, respectively, and D represents its 
depth. L is the summation of individual lengths 1^. Ig ... 
Iis|. comprising the inductor's conductive . path. Because 
the conductive path is spiral-shaped (although not clear 
from the cross-sectional view in the figure), magnetic, 
fields induced by current flow tend to force the current 
to flow along the inner or shorter edges of the spiral con- 
ductive path (shown hatched). Because of these "edge 
effects", increasing the width V^/ beyond a particular 
point (and therefore the, cross-sectional area), as men- 
tioned above, ceases to show a concomitant improve- 
nnent in the inductor's Q with increasing frequency. The 
\thickness or depth D of the conductive path must be in- 
creased, or the magnetic coupling between adjacent 
turns must be increased, to provide the required Q. 



Summary of The Invention 

The present invention provides an inductor fabricat- 
ed for semiconductor use which displays an increased 
5 self-inductance and improved Q not realizable with con- 
ventional integrated inductor fabrication techniques. 
Consequently, inductors formed in accordance with this 
invention may be utilized within a frequency range of 
around 1 00 MHz to substantially beyond 10 GHz. During 
10 operation, inductive structures of this invention display 

Q's in a range of around 2.to around 15. 
. . , ^ - For an inductive structure formed as a spiral with a 
particular number of turns N, the addition of the core of 
. magnetic material described herein results in a higher 
, inductance for the structure. To put it another way, a re- 
duced number of turns may be used within an inductive 
< ; structure of thisjnvention, relative an inductive structure 
j, of the prior art, ^and derive a similar inductance value. 
, Because fewer turns are used within a structure formed 
20 _ Jn accordance with the present invention, the parasitic 
capacitance in the structure will be lower. 

. In . one form, the mutual inductance between adja- 
; ; cent metal runners fonriing the conductive path of an 
. . . inductive structure is increased. Additionally, the series 
25 resistance displayed by the conductive path remains 
fixed, i.e., does not degrade substantially with increas- 
, Jng frequency. This provides for stable or irnproved Q 
: . values with varying frequency. The structural arrange- 
mentjncludes-the deposition of a portion, preferably a 
30 plane, of high permeability magnetic material above the 
, ,rnet8.l runners fprrning the inductor's conductive path. 
- ThjBj layer of magnetic material is further arranged 
to provide a low reluctance path and to maximize mag- 
. - netic coupling between path elements while providing a 
3S high resistance path to eddy currents induced in the 
core. The arrangement maximizes the inductance of the 
, .structure w^ile minimizing eddy current losses induced 
iathe core which degrade the inductor's Q. Preferably, 
the high permeability magnetic nnaterial does not have 
40 , any electrical connectbns to the integrated circuitry of 
which the inductive structure is a part. The process of 
. -providing the layer of high permeability magnetic mate- 
, rial is believed compatible with the existing silicon man- 
ufacturing processes. 

. Brief Description of The Drawings 

Figure 1 A is a cross-section of a rectangular con- 
ductor of the prior art; 
50 - Figure 1 B is plan view of a portion of a spiral induc- 
tor, formed with conventional silicon fabrication 
techniques; 

, . Figure ,1 C is cross-sectional view of a portion of con- 
. ductive path forming a spiral inductor via conven- 
es . tional fabrication techniques; 

Figure 2A is a plan view of a spiral integrated induc- 

five structure of this invention; 

Figure 2B is a cross-sectional view of a portion of 
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the spiral conductor ot Figure'2A; and 
Figures 3A. SB and 3C are plan views of various 
forms of planes of high permeability magnetic ma- 
terial included within the present invention. 

Detailed Description of The Preferred Embodiments 

The inductive structure of this invention is provided 
for use within high frequency semiconductor integrated 
circuits. The inductive structure displays an improved in- 
ductance for a fixed value of series resistance inherent 
within the conductive path forming the inductor. The im- 
proved inductance leads to a realization of quality factor 
(Q) for the invention between-values of 1 0 to'TS at very 
high frequencies, unrealizable within 'the 'fifribr' ari. The 
range of operation of inductors 'forrrted as d^ 
herein extends from around TOO MHz'toarourid 10 GHz. 

Figs. 2A and '2B sihow spiral aricl cross-sebtional 
portions, respectively,- of several conductive' i^lernents 
21, 22, 23, 24, 25 forming a'S pi ral cohcludti^^^^^^^ an^" 
inductive structure L30 of thist ihVeritiori. Ttie conductive 
paths may be dfsjposed on or* within a substrate 'material 
such as a semibonductive material, a substrate material 
ore dielectric nriat6rial:'An example^of a iion'-condLictive 
substrate is gallium arsenide- (GaA's),i usually dosciribed" 
as semi-insulatihg."- ' ' - - • ' ' " • ' 

A portion of htgh rnagnetic permeability rTiateVial 30 
is disposed at a distance X from the conductive piath el- 
ments and separated therefrom by a Ikye'r of dielectric 
material 32* The high p enrie^bi I ity magnetic mat^^^^ is " 
* preferably planar-shaped ahd'provides a low fefucitahce 
path which raises the mutual' inductance' iriSuced be- 
tween adjacent runners with currerit h6w! %'is biear 
from the figures, the high magnetic pen-heabilfty rifiaterial 
is not electrically connected to any pohioh of the circ^iitry ' 
contained within the integrated circuit: ' ' ' 

Use of the plane of high 'hiagnetic^ pemi'eability 
terial 30 (plane or core), as described abbve; is benefi- 
cial but does introduce a complication within the semi- 
conductor circuit. Eddy currents are' generated with in 
the magnetic material which "deplete '^nei-gy as heat 
loss. Eddy currents are induced when a chahging flux 
passes through a solid magnetic mass, such kis iron, 
from which the layer 30 may be comprised. ' 

Referring now to Figure 2C, alternating current, " 
flowing into the plane of the paper on the right side of 
Figure 2C (lands 22-24), and out of the plane of the pa- 
per on the left (lands 25-27), generate a changihg mag- 
netic flux affecting core 30. The flux fields are identified 
by' the circular arrows, identifying flux direction. The flux 
induces a current in the magnetic meft6rial (core 30) 
commensurate with the induced flux. ' ' 

When changing magnetic flux densities are high, 
eddy currents are responsible'for significant poWer loss. 
Eddy current loss is related'to the square of the frequen- 
cy and the square of the maximum flux density 

To minimize eddy currents in iron -core transformers 
(and the loss associated therewith), the core is formed 



of blocks or sheets of laminate disposed parallel to the 
flux direction. As shown in Figs. 3A. 3B and 3C . a chang- 
ing applied flux (directed into or out of the plane of the 
paper, relative the central hole) induces a net current 
5 within the ptahes of core material 30. The induced cur- 
rent flow is indicated with the circular arrows. Conse- 
quently, the induced eddy current produces a time- 
changing flux (directed out of the plane of the paper) in 
opposition to the changing applied flux, thereby reduc- 
10 ing the totail time changing applied flux throtjgh the core. 
Eddy currents are induced perpendicular to the direction 
of the" changing ftux. Accordingly, the induced eddy cur- 
* '* ' Vents may be m inihriizedby bre'aking-up the core into thin 
""''sectioris'pi- 'sheets.* Accb^^ the circujatirig eddy cur- 
= Vent path^ are limited, Tesu'|tlng iH reduced eddy current 
" losses within the ibtar mass "of magnetic m 
' ' ' Tfie shWpe bf th^;planarc6re 3^ 
- includes a rectahgilJlair hole'sUbbtanitially at its center. 
' - The Rectangular hole' reduces uHide'sir*ed magnetic cou- 
20* piin'g between run hef^W"dn opposite sides of the inductor 

■ relative the'cente'r. The howeVen dbek hot ad- 
' • ' dress problerris asisociat'eci with the g^nerktiori of eddy 

■ • currents: Fig.* 3B;''shows the 'cor'e' (i.eV, the planar cor 

of the preferred embpdiment) broken up into wedges 
25 ■• and ihcliidihg the'hole' ih the center for the reasons dis- . 
' cussisd above'. This desi^in reduces'botli unwanted cou- 
pliW^and eddy 'bur Peri t lo^s' with respect to the design of 
FigV3A. Fig; 3fc shows the use of nhultiple strips of mag- 
ndtic hflaierial tb fbrm the 'planar core. Such design fur- 
30 ' "the r're^iucek' eddy 'dijtf^^ loss relative to the design of 
' Figure Ss^'the siHps^ of magrietic rnat'erial are preferably 

■ ;'^tVij9ht*dihg^^^^^ to the lirt^sMbrrrieid by the 
' ''metai' r uhh e rs ' f ormih g th e in d u ctqr's cohd uct ive . 

What has been' described HeVein is merely illustra- 
35' -tive of the'appiicatidh of the principles of 'the"present in- 
' v^htioh. Other arrangements and methods'may imple- 
' ' merited by those skilled in the art withbut departing from 
' the scope of this invention. " 

ci^im^'';".';;_ ' ' ^ " '* ' . ■ ' 

- ' f/- 'Ari'indiJctive 'structijre fornhed on or within' a sub- 
' strate and integrabWwjth a seinnicdhductor integrat- 
es- edcircuh, comfirisiing: 

■ ' aVari electricarM^ providing a 

'"' ' conductive" path; formed as a spiral planar pat- 
* tern upon or within said substrate, wherein ad- 
50 ' ' jaceht' lengths of said path are substantially 

' ' paralleirCHARACTERISED BY: 

b) a' core (30) 'of magnetic material disposed 
^ abbve'said planar pattern such that a mutual 

inductance induced within said adjac nt 
55 lengths by current flow' is increased by said 

core, and an amount of eddy current loss gen- 
erated within said core is controlled. 
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2. The inductive structure defined by claim 1 . wherein 

said core is formed of a high permeability magnetic 
material. 

3. The inductive structure defined by claim 1 or claim s 
2, wherein said core is arranged with a centralized 
discontinuity to reduce the inducement of noh-de- 
sirable inductances within lengths of said spiral pla- 
nar pattern. 

10 

4. The inductive structure defined by claim 1 or claim 
2, wherein said core includes four electrically iso- 
lated wedge-designed portions, said four portions 
arranged with a central discontinuity to reduce in- 
ducement of non-desirabie inductance within ^5 
lengths of said conductive path disposed on oppo- 
site sides of said spiral pattern, and to reduce ed'iy 
current losses within said core. 



5. The inductive structure defined by claim 4, wherein 20 
said wedge-designed portions are formed of multi- 
ple strips of magnetic material to further reduce ed- 
dy current losses within said structure. 

6. The inductive structure defined by claim 5, wherein 
multiple strips are disposed substantially at right an- 
gles to substantially adjacent lengths of said. con- 
ductive path. 

7. The inductive structure defined by any of the pre-" 30 
ceding claims wherein said core is plani^r. . 

8. The inductive structure defined by ciny cf tho pre- 
ceding claims further including a mass of dielectric- 
material disposed upon said oattern to electrically^ - 
isolate said pattern from said core. 

9. The inductive structure defined by any of the pre- 
ceding claims wherein said substrate (s formed of 
one of: a semi-conductive, a non -conductive and a 40 
dielectric material. 

10. The inductive structure defined by eny ov the pre- 
ceding claims wherein said pattern and oaid core 
are positioned to provide high frequency operation 
to around 12 GHz. 

11. A semiconductor integratec circuit including an in- 
ductive structure as defined by any of the preceding 
claims. so 
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FIG. IC 
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